Numerical Evalua on of a Sensible Heat Balance Method to Determine Rates of Soil Freezing and Thawing
In situ determina on of soil freezing and thawing is diffi cult despite its importance for many environmental processes. A sensible heat balance (SHB) method using a sequence of heat pulse probes has been shown to accurately measure water evapora on in subsurface soil, and it has the poten al to measure soil freezing and thawing. Determina on of soil freezing and thawing may be more challenging than evapora on, however, because the latent heat of fusion is smaller than the latent heat of vaporiza on. Furthermore, convec ve heat fl ow associated with liquid water fl ow and occurrence of evapora on or condensa on during freezing and thawing may cause inaccurate es ma on of freezing and thawing with the SHB method. The objec ve of this study was to examine the applicability of the SHB concept to soil freezing and thawing. Soil freezing and thawing events were simulated with the simultaneous heat and water (SHAW) model. Ice contents were es mated by applying the SHB concept to numerical data produced by the SHAW model. Close agreement between the SHB-es mated and the SHAW-simulated ice contents were observed at depths below 24 mm. The main cause of inaccuracies with the SHB method was poor es ma on of heat conduc on at the 12-mm depth, possibly due to simplifi ca ons of temporal or ver cal distribu ons of temperature and thermal conduc vity. The eff ects of convec ve heat fl ow and concurrent evapora on or condensa on and freezing or thawing on the SHB method were small. The results indicate that the SHB method is conceptually suitable for es ma ng soil freezing and thawing. Independent, accurate es mates of thermal proper es must be available to eff ec vely use the SHB method to determine in situ soil freezing and thawing.
Abbrevia ons: DOY, day of the year; SHAW, simultaneous heat and water; SHB, sensible heat balance.
Soil freezing and thawing have cri cal eff ects on water and chemical movement in the soil during winter and spring. Ice in partially frozen soil can interrupt the infi ltration of rainfall or snowmelt, leading to surface runoff and erosion Cruse et al., 2001) . Furthermore, frozen soils have a low matric potential similar to dry soils (Williams, 1964; Koopmans and Miller, 1966) , so that liquid water fl ow from warm layers into cold layers, generally upward in direction, is induced (Dirksen and Miller, 1966; Kung and Steenhuis, 1986) . Simultaneously, liquid water fl ow causes advective movement of dissolved chemicals (Cary and Mayland, 1972; Cary et al., 1979; Galinato, 1987) . Liquid water moving upward into colder layers causes increasing ice content in the freezing zone. Moreover, the formation of ice lenses by freezing results in soil structural changes (Penner, 1967; Miller, 1972; Gieselman et al., 2008) . Hence, determining water contents, water fl ow rates, and water-to-ice phase changes in partially frozen soils is important.
Continuous in situ measurement of unfrozen water content has been successful using dielectric permittivity measurements such as time-domain refl ectometry (TDR) Hayhoe et al., 1983; Spaans and Baker, 1995) . It has been reported that the relationship between dielectric permittivity of partially frozen soils and liquid water content is dependent on the total water content so that calibrations taking into account ice permittivity are required for accurate measurements (Spaans and Baker, 1995; Seyfried and Murdock, 1996; Watanabe and Wake, 2009) . Temporal in situ measurements of ice formation and thawing in soil have been diffi cult to obtain in spite of their importance. Few studies on estimating the soil volumetric ice content have been reported. Kelleners and Norton (2012) estimated the volumetric ice content with a dielectric permittivity sensor and a dielectric mixing model (Bittelli et al., 2003) . Th ey assumed that the total water content did not change during soil freezing. Th at assumption ignores liquid water supplied from snow cover or by liquid water fl ow in partially frozen soil. Bittelli et al. (2004) examined a mixing model used in conjunction with dielectric permittivities measured at two diff erent frequencies. Th e method was
The applicability of the sensible heat balance (SHB) concept for es mating soil freezing and thawing rates was tested in a numerical modeling study. Results indicated that the SHB method was suitable for es ma ng soil freezing and thawing rates at depths below 24 mm. Applica on of the method requires accurate esmates of soil thermal proper es.
successful for low clay content soils only. Th e total water content in partially frozen soil can be measured with a γ radiation attenuation method (Loch and Kay, 1978; Fukuda, 1983) or a neutron probe method (Sartz, 1969; Fukuda and Kinosita, 1985) . Th us, ice and water contents may be determined simultaneously by combining γ radiation attenuation or neutron probe measurements with dielectric permittivity measurements (Hayhoe and Bailey, 1985; Kahimba and Sri Ranjan, 2007) . Th ere are diffi culties in using γ radiation under fi eld conditions, however, and neutron probe measurements are for relatively large volumes of soil that do not match in scale with the TDR measurements. Watanabe et al. (2010) , Liu and Si (2011), and Zhang et al. (2011) examined the estimation of ice content from volumetric heat capacity measured with a heat pulse probe but encountered problems with estimations near 0°C. Clearly, there is a need for improved fi eld measurement techniques for estimating water and ice contents.
A SHB method using a sequence of heat pulse probes positioned with depth has been shown to accurately measure water evaporation and condensation at shallow soil depths (Heitman et al., 2008a (Heitman et al., , 2008c Xiao et al., 2011) , and the applicability of the SHB has been confi rmed by a numerical study (Sakai et al., 2011) . It is possible to apply the SHB method to soil freezing and thawing to determine ice content changes when the latent heat of fusion is the main source of latent heat in the soil. A potential advantage of the SHB method is that it provides both water transfer and heat transfer information with relatively simple measurements, e.g., ambient temperature changes and local temperature changes in response to heater inputs. Th e SHB method can potentially measure freezing at a millimeter to centimeter depth scale. Th e measurement of soil freezing and thawing may be more challenging, however, than measuring evaporation and condensation because (i) the latent heat of fusion (334,000 J kg −1 at 0°C) is much smaller than the latent heat of vaporization (2,442,000 J kg −1 at 25°C), (ii) soil freezing and thawing generates liquid water fl ow, which contributes to heat transfer that has not been explicitly accounted for in previous applications of the SHB method for evaporation and condensation, and (iii) concurrence of evaporation-condensation and freezingthawing may cause inaccurate estimation of the ice content with the SHB method because it cannot distinguish the latent heat of vaporization and the latent heat of fusion.
Because of the potential benefi ts of estimating changing ice contents with depth and time, it is important to evaluate the possibility of using a SHB method to determine the rates of soil freezing and thawing. Th erefore, the objective of this study was to examine the conceptual applicability and potential limitations of the SHB method to determine soil freezing and thawing by numerical analysis. Th e numerical study consisted of two steps. In Step 1, soil freezing and thawing events were simulated with the SHAW model. In Step 2, the SHB method was used to analyze the data numerically generated with the SHAW model. Th e applicability and potential limitations of the SHB method were investigated by comparing the SHB method estimations of ice contents with ice contents calculated by the SHAW model. Th e SHB calculations assume that heat pulse probes can accurately measure the thermal properties of partially frozen soils and that heat pulse inputs by heat pulse probes are a negligible source of heat in the heat balance.
Theory Sensible Heat Balance Method
Heat pulse probes are widely used to determine soil thermal properties (volumetric heat capacity, thermal diff usivity, and thermal conductivity) (Campbell et al., 1991; Kluitenberg et al., 1995; Ochsner et al., 2001) . Sensible heat balance terms for soil layers (Heitman et al., 2008a (Heitman et al., , 2008c , i.e., sensible heat infl ow, sensible heat outfl ow, and the change in sensible heat storage, can be determined with a heat pulse probe (Fig. 1) . Conductive heat fl uxes at the upper and lower boundaries of a specifi ed soil layer, H u and H l (W m −2 ), are described as
where λ u and λ l are thermal conductivities (W m −1°C−1 ) at the upper and lower boundaries, respectively, T i is temperature at the depth i of each temperature sensor (°C), and Δz is the diff erence in depth of the temperature sensors (m). Th e change in sensible heat storage of the layer, ΔS (W m −2 ), is written as
where C u and C l are volumetric heat capacities (J m −3°C−1 ) in the soil above and below the heating needle, ΔT i is the temperature change of the ith soil layer with time (°C), and Δt is the time step interval (s). Th e values of C u and C l are averaged to estimate the volumetric heat capacity at the center of the layer. Th e thermal conductivity λ and the volumetric heat capacity C are determined from temperature transitions at the adjacent sensing needles above and below the heating needle corresponding to the heat input at the center needle (Bristow et al., 1994) . Heat pulse probes used in previous research for the SHB method (Heitman et al., 2008a (Heitman et al., , 2008c were designed with 6-mm needle intervals. Th erefore, the soil layer thickness can be 6 mm or multiples of 6 mm. Measuring thermal properties accurately in partially frozen soils is challenging because ice melts when heat is applied (Putkonen, 2003; Overduin et al., 2006; Ochsner and Baker, 2008; Watanabe et al., 2010; Tokumoto et al., 2010; Wagner-Riddle et al., 2010) . Further investigation and improvement in measuring the thermal properties of partially frozen soils is warranted.
Because water evaporation and condensation or water freezing and thawing involve large amounts of latent heat, the residual or hidden heat associated with water phase changes must be included in a sensible heat balance calculation for a specifi c soil layer. Evaporation and condensation rates of water can be determined by dividing the missing or excess heat by the latent heat of vaporization when the soil temperature is >0°C, and the missing or excess heat can be considered as the latent heat produced or consumed by soil freezing or thawing when the soil temperature is <0°C:
where L v is the latent heat of vaporization (J m −3 ), E i is the evaporation rate from the specifi c layer i (m s −1 ), L f is the latent heat of fusion (J m −3 ), and Δθ I is the change in ice content in the layer (m s −1 ). Although the excess heat or missing heat term also includes convective heat associated with liquid water and vapor fl ows, the SHB method assumes that convective heat transfer is negligible. Sakai et al. (2011) reported that this assumption is acceptable when the SHB method is used for evaporation and condensation. When the soil temperature is <0°C, not only do freezing and thawing occur, but it is possible for evaporation or sublimation and condensation to also occur. Th us, Eq.
[3] for freezing and thawing may not be eff ective for determining ice content changes when soil water evaporation or sublimation rates are signifi cant during freezing and thawing.
Numerical Simula on
Soil freezing and thawing events were simulated numerically with the SHAW model. Th e SHAW model is a one-dimensional fi nitediff erence model that simulates coupled heat, water, and solute transfer in atmosphere-plant-snow-residue-soil systems (Flerchinger and Saxton, 1989a) and has been widely applied to in situ soil freezing and thawing events (Flerchinger and Saxton, 1989b; Nassar et al., 2000; Flerchinger et al., 2006) . In this study, the surface was fi xed as a bare soil surface, i.e., only soil and atmosphere were included in the system. Additionally, the model, usually used with 1-h time steps, was modifi ed to operate and output results at 1-min time steps. A one-dimensional water balance equation including liquid water fl ow and vapor fl ow in the soil is expressed by the SHAW model as (Flerchinger and Saxton, 1989a 
where t is time (s), θ are volume water contents (m 3 m −3 ), ρ are densities (kg m −3 ), z is depth (m), K is hydraulic conductivity (m s −1 ), ψ is the soil water matric potential (m H 2 O), q is water fl ux (m s −1 ), and the subscripts L, I, and v designate liquid water, ice, and water vapor, respectively. Th e relationship between matric potential ψ and volumetric liquid water content θ L is expressed as (Campbell, 1974 )
where θ s is saturated soil water content (m 3 m −3 ) and ψ e and b are air entry potential (m H 2 O) and a pore size distribution index, respectively, which are obtained by curve fi tting Eq.
[5] to experimental observations. Determination of the soil hydraulic conductivity K as a function of matric potential or water content uses the parameters defi ned in Eq.
[5] (Campbell, 1974) ,
where K s is the saturated hydraulic conductivity (m s −1 ). When ice is present in the soil, the matric potential ψ is expressed as a function of temperature (Fuchs et al., 1978) :
where g is gravitational acceleration (9.81 m s −2 ) and T is the temperature (°C). By combining Eq.
[5] and [7] , the maximum liquid water content can be defi ned, and the ice content is the diff erence between the total water content and the maximum liquid water content. When the total water content θ T is smaller than the maximum liquid water content, the liquid water content is equal to θ T and the ice content is considered to be zero.
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where C s is the soil volumetric heat capacity (J m −3 °C −1 ), λ s is the soil thermal conductivity (W m −1 °C −1 ), and c L is the specifi c heat of liquid water (J kg −1 °C −1 ). Th e thermal conductivity λ s and volumetric heat capacity C s of soils are calculated as functions of the soil particle size distribution, organic matter content, bulk density, soil liquid water content, and ice content using the theory initially developed by de Vries (1963) and modifi ed for partially frozen soil by Penner (1970) :
where m is weighting factor, λ is the thermal conductivity (W m −1 °C −1 ), ρ is density (kg m −3 ), c is the specifi c heat (J kg −1 °C −1 ), and θ is the volume fraction (m 3 m −3 ) of each soil constituent j (minerals, organic matter, water, ice, and air). Th e surface boundary condition of the system is determined by the surface energy balance equation:
where R n is net radiation (W m −2 ), H sf is the sensible heat fl ux at the surface (W m −2 ), E sf is the evaporation rate at the surface (m s −1 ), and G is the ground heat fl ux (W m −2 ). Th e values of R n , H sf , and E sf are determined from weather and surface conditions; R n is defi ned as (Campbell and Norman, 1998) 
where α is the surface albedo, R s is solar radiation (W m −2 ), σ is the Stefan-Boltzmann constant (5.67 × 10 −8 W m −2 K −4 ), ε s is emissivity of the surface, ε a is the atmospheric emissivity, T sf is the surface temperature (°C), and T a is the air temperature (°C). Th e values of H sf and E sf are determined by (Campbell and Norman, 1998 )
where ρ a and c a are the density (kg m −3 ) and specifi c heat (J kg −1 °C −1 ) of air, r H is resistance to surface heat transfer (s m −1 ), ρ vs and ρ va are the vapor densities of the surface and atmosphere (kg m −3 ), respectively, and r v is resistance to vapor transfer (s m −1 ), which is taken to be equal to r H . Th e vapor density of the surface and atmosphere are determined by multiplying the relative humidity and saturated vapor density at the appropriate temperatures. Th e value of r H is calculated as a function of wind speed u (m s −1 ) (Campbell and Norman, 1998) :
where k is von Karman's constant, z ref is the measurement height (m), d is the zero plane displacement (m), z H and z m are the surface roughness parameter for the temperature and momentum profi le (m), respectively, and Ψ H and Ψ m are the profi le diabatic correction factors for heat and momentum, which are a function of atmospheric stability. Th e value of G is determined as a residual that satisfi es the energy balance equation, Eq. [11]; G and E sf are used at each time step in the SHAW model as the upper boundary conditions of total heat fl ux and total water fl ux, respectively.
Materials and Methods

Calcula ons for a Step Change in Air Temperature Condi ons
Soil freezing and thawing events for two soils, Hanlon sand and Ida silt loam, were simulated for a step change in air temperature conditions. Each soil's texture, bulk density, organic matter content, and parameters for thermal properties and hydraulic properties are shown in Table 1 . Th e air relative humidity RH a is set at 50%, and the air temperature T a is maintained at −5°C for a 96 h simulation period, and re-set to 5°C aft er the fi rst 96 h until the soil ice content becomes zero:
Th e other weather conditions, solar radiation R s , wind speed u (m s −1 ), and precipitation rate P (mm h −1 ) are set at zero during the simulation. Th e lower boundary condition is defi ned by maintaining the initial soil temperature and volumetric water content constant throughout the simulation period. Th e initial soil temperature T (z,0) was 5°C, and initial soil volumetric water contents θ L 
Calcula on with Transient Atmospheric Condi ons
A simulation under transient atmospheric conditions was performed to further examine the applicability of the sensible heat balance method for estimating soil freezing and thawing in response to environment changes. Hourly weather data for the Orchard site (43°19′ N, 115°59′ W), described in detail by Flerchinger and Hardegree (2004) and Flerchinger et al. (2006) , were used for this study. Th e weather data consisted of T a , RH a , u, R s , and P. Tindahay loamy sand was the main soil at the site (Table 1) . Th is study focused on soil freezing and thawing between day of the year, DOY, 332 (28 Nov.) and DOY 342 (8 Dec.), 1997. Th e actual simulation started with data from DOY 309 (5 Nov.), 1997, to establish realistic distributions of temperature and water content for the study period. Th e same node spacings and soil depths as used with the step change in air conditions simulations were used for these transient condition simulations. Th e initial condition was established by linearly interpolating soil temperatures measured at depths of 0.01, 0.02, 0.05, 0.10, 0.20, 0.30, 0.50 and 1.00 m, and linearly interpolating soil water contents measured at depths of 0.02, 0.05, 0.10, 0.20, 0.30, 0.50 and 1.00 m on DOY 309, 1997. Th e lower boundary condition was maintained constant for temperature and soil water content, 13.4°C and 0.081 m 3 m −3 , respectively.
Applica on of the Sensible Heat Balance Method
Th e numerically produced data from the SHAW model, e.g., soil temperature T, thermal conductivity λ s , and volumetric heat capacity C s , for each 15 min simulated time were used for SHB method applications (Eq.
[3]) to calculate temporal changes in ice contents θ I . Each 12 mm subsurface soil layer from 12 mm to 168 mm depth was evaluated (12-24, 24-36, 36-48, 48-60, 60-72, 72-84, 84-96, 96-108, 108-120, 120-132, 132-144, 144-156, 156-168 mm) . Since soil freezing penetrates much deeper than soil subsurface evaporation, a 12 mm soil layer thickness was chosen. Th e 12 mm soil layer thickness is representative of the spacing of a 3 needle heat pulse probes. Th us, 12-mm soil layer thickness is a convenient thickness with practical application. As the uppermost depth increment, the 0-12 mm soil layer was not included in the analysis because heat pulse probes cannot measure the surface thermal gradient as a fi nite diff erence across the soil surface, i.e., needles can't be placed above and below the soil surface to determine a gradient ( Fig. 1 ; Heitman et al., 2008a) . Th us, the method is only potentially applicable to estimate latent heat in the subsurface.
Results and Discussion
Sensible Heat Balance for a Step Change in Air Temperature Condi on
Th e ice content time series calculated with the SHB method for each soil layer were compared with the ice content time series calculated with the SHAW model at the center node of each soil layer (18, 30, 42, 54, 66, 78, 90, 102, 114, 126, 138, 150, and 162 mm) .
Results for the 12-to 24-, 36-to 48-, 60-to 72-, and 84-to 96-mm soil layers are presented with soil temperatures at the center node of each soil layer calculated with the SHAW model in Fig. 2 and 3 for sand and silt loam, respectively. Ice contents in both sand and silt loam increased as the soil temperature decreased and became stable aft er the initial rapid increase. In Fig. 2 and 3 , the maximum values are shown in proportion to the initial water contents θ L(z,0) . Maximum absolute diff erences between the ice content simulated with the SHAW model and the ice content calculated with the SHB method during the freezing and thawing event for the 12-to 24-, 36-to 48-, 60-to 72-, and 84-to 96-mm soil layers, Table 1 . Particle size distribution, organic matter content, bulk density, and soil hydraulic parameters used in the simultaneous heat and water (SHAW) model calculations. Th e sand and silt loam data were taken from Heitman et al. (2008b) , and the loamy sand data were taken from Flerchinger et al. (2006 www.VadoseZoneJournal.org Th e diff erences between the SHB method and the SHAW calculations may have been caused by (i) the SHB method not accounting for convective heat fl ow associated with liquid and vapor water transfer, (ii) simultaneous evaporation-condensation and freezing-thawing, and (iii) calculation errors of sensible heat fl ux H and sensible heat storage ΔS.
Although the ice content transitions for the 12-to 24-mm soil layer were not accurately described by the SHB method, the SHAW model ice content determination and SHB method ice content were consistent in depth and time for the soil layers deeper than 24 mm. Th e absolute diff erences for the soil layers deeper than 24 mm are quite small, being at most 0. slightly larger errors for the silt loam with θ L(z,0) = 0.30 m 3 m −3 are due to diff erences in the timing and rate of soil thawing (Days 7-10) in Fig. 3b . Th e magnitude of the ice content change with the SHAW model and the SHB method for the thawing event is consistent, and ice content changes in the freezing process of the silt loam with θ L(z,0) = 0.30 m 3 m −3 showed small maximum absolute diff erences, at most 0.013 m 3 m −3 , for the soil layers below 24 mm. Th e SHB method estimates of ice content were consistent with the ice estimates of the SHAW model below a depth of 24 mm regardless of soil type and initial soil water content. Soil freezing in many cases penetrates below a depth of 100 mm (e.g., DeGaetano et al., 2001; Flerchinger et al., 2006) , which implies that ice content determinations for soil layers below 24 mm are quite important. Th erefore, the results indicate that the SHB method can be a powerful tool for investigating long-term soil freezing and thawing events at specifi c locations.
Eff ect of Convec ve Heat Flow on the Sensible Heat Balance Method
Th e eff ect of convective heat transfer associated with liquid water fl ow on ice content estimation in the soil with the SHB method was examined. Th e heat associated with liquid water fl ow infl uencing the SHB method for each soil layer, Q (J m −2 ), can be determined as
where q L,i−1/2 and q L,i+1/2 are liquid water fl uxes (m s −1 ) at the upper and lower boundaries of the soil layer, positive downward, and Γ is a coeffi cient to null the term when the liquid water fl ux is fl owing out of the specifi c layer, i.e.,
Because changes in the soil volumetric heat capacity, C s , due to liquid water fl ow is taken into account in the SHB method, Q is expressed as the product of heat capacity of liquid water, infl owing liquid water fl ux, and the temperature difference between soil layers. Th ere is no infl uence of convective heat fl ux on the SHB method for liquid water fl ux fl owing out of the soil layer. Th e total Q values of each soil layer aft er the freezing event and aft er the thawing event for the sand with θ L(z,0) = 0.10 m 3 m −3 and the silt loam with θ L(z,0) = 0.30 m 3 m −3 were calculated with Eq.
[18] ( Table 2 ). Freezing and thawing periods for each soil layer were defi ned as the time during which each soil layer experienced temperatures <0°C. Th e air temperature shift ed from freezing to thawing conditions aft er Day 4 (t = 96 h). Th e cumulative Q values were always positive because incoming fl ow generally occurs from warmer soil layers to cooler soil layers under freezing-thawing conditions. In addition, compared with thawing, the freezing process showed larger cumulative Q values, possibly due to larger temperature diff erences between soil layers during freezing. Th e equivalent volumetric ice content was calculated by dividing Q by the latent heat of fusion, L f (334,000 J kg −1 ), the density of ice (916.7 kg m −3 ), and the soil layer thickness (0.012 m). Th e maximum equivalent volumetric ice contents are on the order of 10 −4 m 3 m −3 . Th e results indicate that conduction was dominant for this freezing and thawing event, and the eff ect of convective heat transfer associated with liquid water fl ow on the SHB method for freezing and thawing was negligible, as was found for the SHB method for evaporation and condensation (Sakai et al., 2011) .
Impact of Simultaneous Evapora onCondensa on and Freezing-Thawing on the Sensible Heat Balance Method
Th e eff ect of evaporation, sublimation, and condensation during soil freezing and thawing on the SHB method was evaluated. Because evaporation and sublimation are phase changes of water consuming energy, and freezing is a phase change of water releasing energy, concurrent evaporation or sublimation and freezing causes an underestimation of the ice content with the SHB method. In contrast, concurrent condensation and freezing results in an overestimation of ice content with the SHB method because both condensation and freezing are water phase changes that release energy. Th e latent heat fl ux at the soil surface (positive upward) associated with surface evaporation, sublimation, and condensation of each soil and initial water content are presented in Fig. 4 . Th e latent heat fl ux during freezing and thawing was positive except for the moment when the air temperature was switched from −5 to 5°C. Th is indicates that there was surface evaporation or sublimation during both freezing and thawing. Th e surface latent heat fl ux decreased with surface soil freezing and remains at a constant, small value during thawing compared with freezing. Th e silt loam with an initial water content θ L(z,0) = 0.30 m 3 m −3 showed a relatively large latent heat fl ux during freezing. Cumulative surface latent heat and cumulative latent heat associated with evaporation, sublimation, and condensation for the 0-to 12-, 12-to 24-, 24-to Table 2 . Total heat infl uencing the sensible heat balance (SHB) method associated with liquid water fl ow, Q, of each soil layer and its equivalent ice content during freezing and thawing periods with a step change in air temperature conditions. Table 3 . Positive latent heat values indicate evaporation or sublimation, and negative values indicate condensation. Freezing and thawing periods of each soil layer correspond to the time that each layer experienced temperatures <0°C. Th e cumulative surface latent heat and the cumulative latent heat from the 0-to 12-mm soil layer are cumulative values during the time period when the 12-to 24-mm soil layer experienced temperatures <0°C. Equivalent ice contents, which were calculated by dividing the cumulative latent heat associated with vaporization by the latent heat of fusion, the density of ice, and soil layer thickness, are also listed in Table 3 . More than 80% of the surface latent heat came from the 0-to 12-mm layer except for the thawing event for the sand with θ L(z,0) = 0.05 m 3 m −3 , and the equivalent ice content of the 0-to 12-mm layer was large relative to deeper layers.
Latent heat due to evaporation and condensation from the 12-to 24-mm layer was small. Although the equivalent ice contents calculated for the 12-to 24-mm layer of the sand with θ L(z,0) = 0.05 m 3 m −3 , 0.0199 and 0.0180 m 3 m −3 for freezing and thawing, respectively, are small, they represent a large fraction of the maximum ice content value, which was 0.031 m 3 m −3 . Th ere were small vapor fl uxes due to thermal gradients in soil layers deeper than 12 mm; however, the equivalent ice content associated with the latent heat for evaporation and condensation due to vapor transfer in soils is small. Th us, the eff ect of the latent heat transfer associated with vapor fl ow on the SHB method was negligible in the soil below a depth of 12 mm. Table 4 shows cumulative conductive heat fl ux H at the 12-mm depth during the freezing process (Days 0-4) simulated with the SHAW model and calculated with the SHB method. Th ere were large diff erences between the heat fl uxes. Th e equivalent ice contents associated with these conductive heat diff erences were calculated by dividing the cumulative conductive heat fl ux diff erence by the latent heat of fusion, the ice density, and the soil layer thickness. Th e equivalent ice contents associated with poorly estimated conductive heat fl ow by the SHB method were 0.112, 0.123, 0.035, and Assumptions and numerical instabilities inherent in simulating the nonlinear changes in mass, temperature, and thermal properties near the surface during freezing can introduce errors in the SHAW model simulation. Th erefore, the SHB method's poor estimate of 12-mm-depth conductive heat fl ow in comparison to the SHAW model may not entirely be due to limitations of the SHB method. When the SHAW model conductive heat fl ux at 12 mm is considered as a standard, however, a possible reason for the inaccurate estimation of conductive heat fl ux may be the continuous changes in T and λ s within the 15-min time intervals being simplifi ed as a step change in the SHB method along with the simplifi cation of the vertical distribution of temperature and thermal conductivities by the SHB method. Finer spatial and temporal intervals for the SHB method may be required to improve estimates in soil layers shallower than 24 mm.
Conduc ve Heat Fluxes at the Twelve-Millimeter Depth
Sensible Heat Balance Applica on under Transient Atmospheric Condi ons
Th e transient atmospheric conditions (T a , RH a , u, R s , and P) used to determine the surface boundary conditions for water and heat transfer are shown in Fig. 5 . A daily soil freezing and thawing cycle occurred in response to the transient weather conditions. Th e ice content transition estimated with SHB method and calculated with the SHAW model and the temperatures for the 12-to 24-, 36-to 48-, 60-to 72-, and 84-to 96-mm soil layers are shown in Fig. 6 . Daily freezing events occurred at around 0400 h and were maintained until around 1200 h. While freezing penetration was not signifi cant at the beginning of the period, it extended below the 10-cm depth aft er DOY 337 to 341. Th e maximum ice contents were about 0.06 m 3 m −3 throughout the period. Th e maximum absolute diff erences between the SHAW model and the SHB method were 0.018, 0.010, 0.007, and 0.008 m 3 m −3 for the 12-to 24-, 36-to 48-, 60-to 72-, and 84-to 96-mm soil layers. Th e SHB estimation captured the daily ice content transitions with depth and time. Moreover, clear agreements between ice content transitions calculated with the SHAW model and those determined by the SHB method were obtained for each soil layer including the 12-to 24-mm layer. Th e SHB balance method is conceptually suitable for diurnal freezing and thawing events under natural atmospheric conditions. 
Conclusions
Th e SHB method has been previously applied for measuring condensation and evaporation in unfrozen soil. Th e applicability and potential limitations of the SHB method for measuring soil ice content changes were investigated by applying the SHB concept to data numerically produced with the SHAW model. Th e results of this numerical study indicate that the SHB method is conceptually suitable for estimating ice formation and thawing in subsurface soil layers for long-term freezing and thawing events with the assumption that the heat pulse probes can accurately determine the thermal conductivity and heat capacity in frozen soils. Th e only limitation on the SHB was for use on the 0-to 24-mm surface soil layer due to poor estimation of conductive heat fl uxes at the 12-mm depth during soil freezing. Th ese poor estimations may have been due to the continuous changes and vertical distributions of thermal conductivities and temperatures, which are simplifi ed in the SHB. From simulations of diurnally varying conditions, the SHB method was also demonstrated as being suitable for estimating daily freezing and thawing events. Convective heat transfer associated with liquid water fl ow had negligible impacts on the SHB estimations. Th e eff ects of simultaneous evaporation or sublimation and condensation occurring with freezing on the SHB estimates of ice contents were small in the soil layers deeper than 12 mm. Th e SHB method should be further tested by making actual measurements in freezing and thawing soils.
